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Mid-infrared photonics in silicon needs low-loss integrated waveguides. While monocrystalline germanium wave-
guides on silicon have been proposed, experimental realization has not been reported. Here we demonstrate a ger-
manium strip waveguide on a silicon substrate. It is designed for single mode transmission of light in transverse
magnetic (TM) polarization generated from quantum cascade lasers at a wavelength of 5.8 μm. The propagation
losses were measured with the Fabry–Perot resonance method. The lowest achieved propagation loss is
2.5 dB=cm, while the bending loss is measured to be 0.12 dB for a 90° bendwith a radius of 115 μm. © 2012 Optical
Society of America
OCIS codes: 230.7380, 130.3060.
Since the advent of quantum cascade lasers (QCLs) [1] in
1994 and their spectroscopic applications [2], the tech-
nology of mid-infrared (mid-IR) laser spectroscopy is liv-
ing a renaissance because of QCLs’ high tunability, high
power, and compact size. Most of the scientific effort is
focused on active devices such as lasers [3] and detectors
[4,5], neglecting passive components such as lenses [6]
or waveguides [7]. The integrated mid-IR spectroscopy
needs elements such as waveguides, couplers, splitters,
and resonators, which are the elementary structures to
realize integrated optical devices.
Various materials have been used for mid-IR passive
elements, such as silver halides, GaAs, and GaP [8]. Chal-
cogenide glasses were widely studied since the 1990s [9].
Recent developments of silicon photonics based on
silicon-on-insulator wafers or silicon-on-sapphire wafers
are very promising because of their compatibility with
silicon technologies, but their losses increase largely at
longer wavelength due to the substrate leakage and
the absorption in the buffer layers [7,10].
Germanium has a broad transparent range in mid-IR
and has been made into fibers [11] and planar wave-
guides on substrates like ZnS and IRTRAN2 [12,13]. It
is nontoxic, and has the advantages of biocompatibility
and silicon process compatibility. Low-loss monocrys-
talline germanium waveguides on silicon have been pro-
posed [14] but not experimentally realized and evaluated
in the mid-IR. Here we demonstrate a germanium strip
waveguide on silicon and evaluated with a QCL at the
wavelength of 5.8 μm.
As shown in Fig. 1, the waveguide is a strip structure
consisting of 500 μm-long coupling elements, 350 μm-long
funneling sections, and a several-millimeter straight sec-
tion. The straight section is designed to be single mode in
TM polarization (best adapted to the QCL) at a wave-
length of 5.8 μm. It is 2.9 μm wide and 2 μm thick, and
the effective refractive index is calculated to be 3.73.
Due to process variations, some waveguides are wider
and may support an additional antisymmetric mode.
However, the second mode was not observed during
the measurements. A 90° bend with a radius of 115 μm
is inserted into the waveguide in order to measure the
sample away from the optical axis of the laser and avoid
stray light. The bending loss is calculated to be in the
range of 0.09 dB (2%).
The waveguide was fabricated with a 2 μm-thick mono-
crystalline germanium layer on a silicon substrate, which
is covered with a 10 μm-thick intrinsic silicon buffer
layer. The germanium layer was grown with reduced
pressure chemical vapor deposition (RP-CVD). The
strain in the germanium film is completely relaxed. Re-
ference [15] presents details of the growth. Standard
photolithography and fluorine chemistry based reactive
ion etching were apllied to pattern the germanium layer.
The inset of Fig. 1 shows the cross-section of the straight
section of the waveguide. The edges of the substrate
are then grinded and polished perpendicularly to the
in-coupling and out-coupling parts of the waveguide. This
allows direct access to the waveguide facets for optical
measurements.
To measure the transmission loss, a method based on
the Fabry–Pérot (F-P) fringe [16] is used. Unlike the cut-
back method, this method is nondestructive and insensi-
tive to coupling variations. As shown in Fig. 2, the light is
coupled into the waveguide using a f =1 zinc selenide
Fig. 1. Scanning electron microscopy image of the waveguide:
the coupling part is 15 μmwide, and the narrower part is 2.9 μm
wide. It is made from a 2 μm thick monocrystalline germanium
on silicon. The inset is the cross-section in the straight section.
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doublet. After the bend, the transmitted light is coupled
into a mercury-cadmium telluride (MCT) detector via a
pair of f=1 off-axis parabolic mirrors. The light source
is a QCL at 5.8 μm with the output power of 2 mW. It
is driven in a continuous wave operation mode, which
gives a sharp and stable laser spectrum in order to re-
solve the F-P fringes of the resonance from the two facets
of the waveguide. A chopper is added to the optical path
to enable the signal evaluation using correlation techni-
ques. The optical path-length is modulated by heating and
cooling the sample from 30 °C to 50 °C.
The propagation loss is evaluated from the contrast of
the F-P fringes according to the formula
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where Pmin is the measured output power in the mini-
mum, Pmax is the output power in the maximum, L is
the waveguide length, and R is the reflectivity [17] of
the waveguide facet calculated with the FDTD method.
In our case, the reflectivity is 0.342 for a 15 μm-wide
and 2 μm-thick germanium waveguide facet in air.
Figure 3 shows a typical trace of the measured F-P re-
sonance. When the laser wavelength was kept constant at
5.8 μm, the transmitted light intensity was modulated by
waveguide temperature changes. The decrease of the
average value of the oscillations is attributed to system
misalignment (because of different thermal expansion
of the elements). To minimize this effect on the loss
calculation, we took the average of two adjacent mini-
mums (maximums) for corresponding calculations of
Pmin=Pmax.
For a 10 mm-long waveguide, the total transmission is
around 3%, which is due to the high reflectivity at the
waveguide facets and the coupling losses. The noise
level was determined by laterally shifting the laser spot
from the best alignment position until the signal reading
was stable. The observed signal to noise ratio was
about 30 dB.
As the measured F-P fringes are based on the reso-
nance of the cavity formed by the two facets of the
waveguide, the length of the waveguide determines the
free spectral range and also the oscillating frequency dur-
ing temperature scanning. For a longer waveguide, the
transmission intensity oscillated faster when tempera-
ture changed. The oscillating frequency can be simulated
by taking into account the thermo-optic coefficient
dn=dT  0.000416 °C − 1 and the thermal expansion
αL  6E − 6 °C − 1 of germanium [18,19]. The calculated
oscillating frequency, presented in Fig. 4, is in good
agreement with the measured results of waveguides with
lengths from 7.7 to 14.2 mm.
Measured with the F-P resonance method, the average
propagation loss of eight different waveguides is about
3.5 dB=cm. This result is reconfirmed by measuring
the transmitted power of these waveguides, which have
different lengths, as shown in Fig. 5.
Fig. 2. (Color online) Experimental setup: light is coupled
via a f=1 doublet into the waveguide comprising a 90° bend.
It is collected via a pair of f=1 off axis parabolic mirrors into
an MCT detector.
Fig. 3. Trace of the F-P resonance: the transmission intensity
oscillates during temperature scanning. The fringe contrast
Pmin=Pmax of 0.42 corresponds to the loss of 2.5 dB=cm for
the waveguide length of 7.75 mm.
Fig. 4. (Color online) Oscillating frequencies of fringes from
different waveguide lengths: longer waveguides yield higher
oscillating frequencies during temperature scanning. The mea-
surement result shows a good agreement with simulations.
Fig. 5. (Color online) Transmission and waveguide lengths: the
transmitted power ismeasured for eight waveguideswith lengths
from 7.7 to 14.2 mm. The propagation loss of 3.6 dB=cm recon-
firmed the measurement result by the F-P resonance method.
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Since germanium has a low intrinsic absorption in
the mid-IR range, the side-wall roughness is expected
to partly contribute to the propagation loss. Besides, the
relaxed germanium film contains misfit dislocations
in the first few hundred nanometers from the silicon-
germanium interface. These defects may cause some
loss.
The 90° bend structure in each waveguide prevented
undesired stray light from going into the detector but also
introduced a bending loss for each measurement. This
bending loss was measured with 16 waveguides, which
have the same total length but four different bend num-
bers. As shown in Fig. 6, a 90° bend of the radius 115 μm
gave a loss of 0.12 dB (2.8%). When factoring in this bend-
ing loss, the lowest measured propagation loss is then
2.5 dB=cm only, while the Pmin=Pmax ratio is 0.42 for a
7.75 mm-long waveguide.
This Letter demonstrates a low-loss germanium strip
waveguide in the mid-IR wavelength range. It is single
mode in TM polarization at the wavelength of 5.8 μm,
and is realized with a 2 μm-thick monocrystalline germa-
nium layer on a silicon substrate. It has a low propagation
loss and a low bending loss.
This waveguide can be a building block for various
integrated active and passive mid-IR photonics devices
in a wide wavelength band, thanks to the low intrinsic
absorption of germanium and silicon in this range.
It is also an excellent platform for laser-spectroscopy,
biomedical applications, and further development such
as wavelength mixers and frequency combs. [20,21]
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Fig. 6. (Color online) Bending loss measurement: keeping the
waveguide length at 8.5 mm, 16 waveguides with four different
numbers of bends were measured. As the bend number in-
creased, the transmission loss became higher by 0.12 dB
(2.8%) per 90° bend, which has radius of 115 μm.
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